Introduction {#sec1-1}
============

Hypoxic-ischemic encephalopathy refers to neurological impairment or injury that occurs after the brain is deprived of an adequate oxygen supply, and is characterized by cognitive and memory impairment, apathy and language disability. The apoptosis of hippocampal neurons is a major cause of hypoxic-ischemic encephalopathy (Zhu and Zeng, 2011). Zhu and Zeng (2011) proposed that increased expression levels of p53 and Noxa play important roles in the pathogenesis of vascular dementia.

TYRO3 is a member of a family of receptor tyrosine kinases that also includes AXL and MER (Nguyen et al., 2013; Ji et al., 2014). Upon ligand binding, TYRO3 is activated by autophosphorylation. Phosphorylated TYRO3 binds to the SH2 domain of the p85 subunit of phosphatidylinositide 3-kinase (PI3K), which then activates the downstream effector Akt, thereby suppressing apoptosis, and enhancing cell proliferation, differentation and surivival (Liang et al., 2015). Zhao et al. (2012) found that TYRO3 is highly expressed in the rat hippocampus, suggesting that TYRO3 may have a key role in the pathogenesis of cognitive dysfunction associated with hypoxic-ischemic encephalopathy.

The increase in reactive oxygen species induced by hypoxia leads to neuronal death, which contributes to hypoxic-ischemic encephalopathy. Although animal experiments have provided insight into the effects of hypoxia and ischemia on the hippocampus, they have been unable to reveal the specific functional role of individual proteins in hypoxic injury to neurons. In comparison, primary cultured neurons subjected to hypoxic injury provide a model that simulates the pathophysiological changes in hippocampal neurons after hypoxic-ischemic injury (Brimson et al., 2011; Shimamura et al., 2012). While hippocampal neurons are usually prepared from rat or mouse embryos at embryonic days 18--19, the age of fetal rats cannot be easily controlled, and the location of some nuclei and functional areas cannot be accurately determined. Therefore, neonatal rats (within 24 hours of birth) have increasingly been used for cultures of hippocampal neurons.

In this study, we used neonatal Sprague-Dawley rats (obtained within 1 day of birth) for preparing primary hippocampal neuronal cultures. We examined the effects of hypoxia on neuronal proliferation and apoptosis, as well as on TYRO3/Akt signaling, to provide insight into the role of the TYRO3/Akt pathway on the pathogenesis of hypoxic-ischemic encephalopathy.

Materials and Methods {#sec1-2}
=====================

Ethics statement {#sec2-1}
----------------

The animal studies were approved by the Animal Study Committee of Fujian Medical University of China, and were performed in accordance with the Experimental Animals Administration Regulations of Fujian Province, China.

Culture and purification of hippocampal neurons from neonatal rats {#sec2-2}
------------------------------------------------------------------

A total of 140 clean neonatal Sprague-Dawley rats (within 24 hours of birth) were provided by the Experimental Animal Center of Fujian Medical University of China, animal licence No. SCXK (Min) 2012-0001. Rats were killed by cervical dislocation. The entire brain was immersed in phosphate-buffered saline (PBS). The hippocampi were isolated under an anatomical microscope (Paxinos and Watson, 2005) and placed in PBS. Hippocampi were cut into blocks with eye scissors, digested with 2 mL of trypsin solution (Sigma, St. Louis, MO, USA), triturated, and centrifuged at 900 × *g* for 5 minutes. After removal of supernatant, samples were incubated with the medium, triturated, filtered with 100-mesh filter, and centrifuged at 900 × *g* for 5 minutes. After removal of supernatant, samples were incubated with 2 mL of Dulbecco\'s modified Eagle\'s medium (DMEM), supplemented with 600 mg/mL glucose, 10% horse serum, 100 μg/mL transferrin, 5 μg/mL insulin, 20 nM progesterone, 100 µM putrescine, 30 nM selenium dioxide, 100 U/mL penicillin and 100 μg/mL streptomycin. Cells were seeded into 12-well plates, at 1 × 10^6^/well, and placed in an incubator at 37°C, 5% CO~2~, and saturated humidity. On day 3, 6.7 mg/mL 5-fluorouracil (Sigma) was added to inhibit the growth of glial cells. Immunofluorescent staing of microtubule-associated protein 2 was used to identify hippocampal neurons (Bollimpelli and Kondapi, 2015).

Hippocampal neurons subjected to hypoxia {#sec2-3}
----------------------------------------

Cultured neurons were placed in a hypoxic incubator (Thermo scientific Forma, Barnstable, MA, USA) at 37°C, 94% N~2~, 1% O~2~ and 5% CO~2~ for 12 or 24 hours. Neurons in the normal group were placed in an incubator at 37°C, 5% CO~2~ and saturated humidity. The growth and morphology of hippocampal neurons were observed with an inverted phase contrast microscope (Leica, Wetzlar, Germany).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay {#sec2-4}
------------------------------------------------------------------------

A total of 1 × 10^6^ neurons were incubated with 10 µL MTT solution (Shanghai Biological Engineering Technology Co., Ltd., Shanghai, China) for 4 hours. 100 µL of dimethyl sulfoxide (Shanghai Biological Engineering Technology Co., Ltd.) was added to each well for 4 hours. Optical density values were measured at 570 nm with a microplate reader (Bio-Rad, Hercules, CA, USA). Each group contained six replicate wells. The mean value was calculated. The wells without the cell suspension or drug were used as blank controls.

Terminal deoxynucleotidyl transferase(TdT)-mediated dUTP nick end labeling (TUNEL) assay {#sec2-5}
----------------------------------------------------------------------------------------

For the TUNEL assay, 1 × 10^6^ hippocampal neurons were fixed with 4% paraformaldehyde at room temperature for 30 minutes, washed with PBS, treated with 50 µL of NeuroPore for 30 minutes, and then rinsed with DNAse-free wash solution for 2 minutes (twice). Quenching solution containing 3% H~2~O~2~/methanol was added at room temperature for 5 minutes. After PBS washes, samples were incubated with TdT buffer at room temperature for 5 minutes, incubated with reaction mixture (TdT dNTP Mix, TdT Enzyme, Mn^2+^) in a wet box at 37°C for 1 hour. The reaction was terminated with TdT stop buffer at room temperature for 5 minutes. After PBS washes, 2 × 2 minutes, streptavidin-horseradish peroxidase was added at room temperature for 10 minutes, followed by PBS washes, 2 × 3 minutes. Samples were visualized with 3,3′-diaminobenzidine at room temperature for 5 minutes, and washed with running water. After nuclear counterstaining, samples were washed with running water, treated with ammonia water, washed again with running water, mounted, and observed with a light microscope (Leica). Reagents were purchased from Roche (Basel, Switzerland).

Immunofluorescence staining {#sec2-6}
---------------------------

A total of 1 × 10^6^ hippocampal neurons were washed with PBS, fixed in 4% paraformaldehyde at room temperature for 30 minutes, incubated with 0.3% Triton X-100 for 20 minutes, and then with 30 µL 0.3% H~2~O~2~ in methanol at room temperature for 10 minutes to inactivate endogenous peroxidase activity. 30 µL of normal goat serum (Beijing Zhongshan Biological Reagent Company, Beijing, China) was added to the cells at room temperature for 10 minutes, and then washed with PBS. Afterwards, samples were incubated with mouse anti-TYRO3 polyclonal antibody (1:50; Santa Cruz Biotechnology, Dallas, CA, USA) at 4°C overnight, and then with fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG (1:100; Beijing Zhongshan Biological Reagent Company) at 37°C for 1 hour. Cells were observed by laser scanning confocal microscopy (Leica). 0.01 M PBS, instead of primary antibody, served as negative control.

Western blot assay {#sec2-7}
------------------

1 × 10^6^ hippocampal neurons were digested with trypsin, incubated with medium containing 10% horse serum, and triturated into a single-cell suspension. Cells were placed in a 15-mL Eppendorf tube, and centrifuged. The supernatant was discarded. Cells were washed twice with PBS, and centrifuged. After removal of the supernatant, radioimmunoprecipitation assay lysis buffer (strong) containing 1 mM phenylmethylsulfonyl fluoride was added. After homogenization, the lysate was centrifuged at 14,000 r/min at 4°C for 10 minutes. A 5-µL aliquot of supernatant was used to detect protein concentration with the bicinchoninic acid assay. The remaining supernatant was added to 5× loading buffer, boiled, and SDS-PAGE was performed. Proteins were then wet-transferred onto a membrane. Blots were incubated with rabbit anti-Akt(Ab-473) polyclonal antibody (1:1,000; Cell Signaling Technology, Danvers, MA, USA), rabbit anti-rat Phospho-Akt(Ser473) monoclonal antibody (1:1,000; Cell Signaling Technology) or rabbit anti-rat GAPDH monoclonal antibody (1:1,000; Cell Signaling Technology) at 4°C overnight, and then with horseradish peroxidase-labeled goat anti-rabbit IgG (1:4,000; Beijing Zhongshan Biological Reagent Company) at room temperature for 2 hours. The membranes were washed three times with PBS/Tween 20, and treated with enhanced chemiluminescence reagent (Santa Cruz Biotechnology), and then exposed to X-ray film in a dark room. Phoretix 1D software (TotalLab Ltd., Newcastle Upon Tyne, UK) was used for quantification of band intensities. The level of Akt phosphorylation was corrected with GAPDH, and represented as p-Akt/Akt.

Statistical analysis {#sec2-8}
--------------------

All data are expressed as the mean ± SD, and were statistically anallyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA). One-way analysis of variance and the least significant difference test were performed for intergroup comparisons. Pearson correlation analysis was used to analyze TYRO 3 expression and Akt phosphorylation levels. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Morphology of hippocampal neurons subjected to hypoxic injury {#sec2-9}
-------------------------------------------------------------

Normal neurons were large, plump, elliptical or conical, with a smooth surface, a strong refractive index and distinct processes. Normal neurons made connections with each other and formed neural networks (**[Figure 1A](#F1){ref-type="fig"}**). In the 12-hour hypoxia group, hippocampal neurons appeared deformed and injured, with a reduced refractive index and vacuoles. The cellular processes were distorted, broken, and decreased in number or missing (**[Figure 1B](#F1){ref-type="fig"}**). In the 24-hour hypoxia group, neurons were reduced in number, and apoptotic and necrotic cells were seen (**[Figure 1C](#F1){ref-type="fig"}**).

![Effects of hypoxia on the morphology of hippocampal neurons from neonatal rats (inverted phase contrast microscope, × 20).\
Compared with the normal group (A), neurons in the 12-hour hypoxia group (B) exhibited distorted and broken processes. Neurons in the 24- hour hypoxia group (C) were markedly reduced in number. Arrows point to neurons.](NRR-11-752-g002){#F1}

Hypoxia reduced the proliferation and viability of hippocampal neurons {#sec2-10}
----------------------------------------------------------------------

MTT assay revealed that, compared with the normal group, neuronal viability was decreased by approximately 37% in the 12-hour hypoxia group (*P* \< 0.01), and approximately 55% in the 24-hour hypoxia group (*P* \< 0.01). Neuronal viability was lower in the 24-hour hypoxia group than in the 12-hour hypoxia group (*P* \< 0.05; **[Figure 2](#F2){ref-type="fig"}**).

![Effects of hypoxia on hippocampal neuronal viability (MTT assay).\
Data are expressed as the mean ± SD. The experiments were performed five times. One-way analysis of variance and the least significant difference test were conducted for intergroup comparisons. \*\**P* \< 0.01, *vs*. normal group; \#*P* \< 0.05, *vs*. 12-hour hypoxia group.](NRR-11-752-g003){#F2}

Hypoxia promoted hippocampal neuronal apoptosis {#sec2-11}
-----------------------------------------------

A few TUNEL-positive neurons were visible in the normal group. The number of TUNEL-positive neurons was significantly greater in the 12-hour hypoxia group than in the normal group (*P* \< 0.01). The number of apoptotic cells was higher in the 24-hour hypoxia group than in the 12-hour hypoxia group (*P* \< 0.05; **[Figure 3](#F3){ref-type="fig"}**).

![Effects of hypoxia on hippocampal neuronal apoptosis.\
(A--C) Neuronal apoptosis in each group, detected by TUNEL assay (× 20). Apoptotic cells could be discriminated morphologically by the presence of brown nuclei. Compared with the normal group (A), apoptotic neurons were increased in the 12-hour hypoxia group (B) and greatly increased in the 24-hour hypoxia group (C). (D) Number of TUNEL-positive cells. Data are expressed as the mean ± SD. The experiments were performed five times. One-way analysis of variance and the least significant difference test were conducted for intergroup comparisons. \*\**P* \< 0.01, *vs*. normal group; \#*P* \< 0.05, *vs*. 12-hour hypoxia group. TUNEL: Terminal deoxynucleotidyl transferase(TdT)-mediated dUTP nick end labeling.](NRR-11-752-g004){#F3}

Hypoxia decreased TYRO3 expression in hippocampal neurons {#sec2-12}
---------------------------------------------------------

Laser scanning confocal microscopy revealed TYRO3 expression (green fluorescence) in the cytoplasm, cell membrane and processes. TYRO3 expression was significantly lower in the 12-hour and 24-hour hypoxia groups compared with the normal group (both *P* \< 0.01). No significant difference in TYRO3 expression was observed between the 12-hour and 24-hour hypoxia groups (*P* \> 0.05; **[Figure 4](#F4){ref-type="fig"}**).

![Effects of hypoxia on TYRO3 expression in hippocampal neurons.\
(A--C) Immunofluorescence staining revealed TYRO3 expression in each group (laser scanning confocal microscope, × 20). Compared with the normal group (A), TYRO3 expression was significantly lower in the 12-hour hypoxia group (B). TYRO3 expression was similar among the 12-hour and 24-hour hypoxia groups (C). (D) TYRO3 expression. Data are expressed as the mean ± SD. The experiments were performed five times. One-way analysis of variance and the least significant difference test were conducted for intergroup comparisons. \*\**P* \< 0.01, *vs*. normal group.](NRR-11-752-g005){#F4}

Hypoxia diminished Akt phosphorylation levels in hippocampal neurons {#sec2-13}
--------------------------------------------------------------------

Akt is an important downstream effector of TYRO3. Akt phosphorylation contributes to cell proliferation and suppresses apoptosis (He et al., 2011; Demarest et al., 2013). Western blot assay showed that Akt phosphorylation levels were reduced by hypoxia in a time-dependent manner. Compared with the normal group, Akt phosphorylation levels were reduced by 30% in the 12-hour hypoxia group (*P* \< 0.01) and by 47% in the 24-hour hypoxia group (*P* \< 0.01). Akt phosphorylation levels were significantly lower in the 24-hour hypoxia group than in the 12-hour hypoxia group (*P* \< 0.05; **[Figure 5](#F5){ref-type="fig"}**).

![Effects of hypoxia on Akt phosphorylation levels in hippocampal neurons (western blot assay).\
Data are expressed as the mean ± SD. The experiments were performed five times. One-way analysis of variance and the least significant difference were conducted for intergroup comparisons. \*\**P* \< 0.01, *vs*. normal group; \#*P* \< 0.05, *vs*. 12-hour hypoxia group.](NRR-11-752-g006){#F5}

Correlation between TYRO3 expression and Akt phosphorylation levels in hippocampal neurons {#sec2-14}
------------------------------------------------------------------------------------------

TYRO3 expression was positively correlated with Akt phosphorylation levels in hippocampal neurons (*r* = 0.759, *P* = 0.002; **[Figure 6](#F6){ref-type="fig"}**).

![Correlation between TYRO3 expression and Akt phosphorylation levels in hippocampal neurons.\
Pearson correlation analysis demonstrated that TYRO3 expression was positively correlated with Akt phosphorylation levels in hippocampal neurons (*r* = 0.759, *P* = 0.002).](NRR-11-752-g007){#F6}

Discussion {#sec1-4}
==========

Hippocampal neuronal injury is a key event in the pathogenesis of cognitive dysfunction after hypoxia-ischemia (Lee et al., 2015; Mezuki et al., 2015). Animal studies have shown that apoptosis in hippocampal neurons appears on day 7 and peaks on day 14 after bilateral common carotid artery ligation. A large number of apoptotic neurons can still be seen on day 21.

In the present study, we investigated damage to hippocampal neurons subjected to hypoxic injury. We found that hypoxia reduced neuronal viability and promoted neuronal apoptosis, which were increasingly aggravated with prolonged exposure to hypoxia. These effects of hypoxia may underlie cognitive dysfunction in hypoxic-ischemic encephalopathy. The mechanisms of hypoxia-induced neuronal apoptosis likely include glutamate neurotoxicity, calcium influx, activation of apoptotic proteins and mitochondrial dysfunction.

The TYRO3 receptor is extensively expressed in the nervous system, and has received much attention in the field of nerve regeneration, particularly because of its ability to promote cell proliferation and suppress apoptosis (Nguyen et al., 2013; Lew et al., 2013). Lingand binding by TYRO3 induces dimerization or oligomerization of the protein and activates the catalytic domain, resulting in tyrosine autophosphorylation, which ultimately activates downstream signaling molecules (Zhong et al., 2010). Our present results show that hypoxia suppresses TYRO3 expression in hippocampal neurons. This suggests that the inhibition of the TYRO3 receptor plays an important role in hippocampal neuronal injury induced by hypoxia.

Akt is an important downstream effector of PI3K. PI3K activation induces Akt phosphorylation at Thr308 and Ser473, and results in Akt activation (Li et al., 2016). Akt activation contributes to cell proliferation, survival and differentiation, and it also modulates the cell cycle and suppresses apoptosis (Liu et al., 2010; Ju et al., 2015). Previous studies (Cosemans et al., 2010; Demarest et al., 2013) have shown that TYRO3 activation leads to Akt phosphorylation, thereby enhancing cell survival and proliferation. Indeed, Akt phosphorylation levels were substantially lower in the hypoxia groups than in the normal group, indicating that the inhibiton of Akt activity is probably an important mechanism of hypoxia-induced apoptosis in hippocampal neurons.

The suppression of neuronal proliferation and the induction of apoptosis following hypoxia/ischemia may involve the following mechanisms: (1) TYRO3 negatively regulates microglial cells and antigen presenting cells, and prevents injury to hippocampal neurons induced by proinflammatory cytokine overproduction (Seitz et al., 2007). Hypoxia inhibits TYRO3 expression in hippocampal neurons, thereby exacerbating the neurotoxic effects of proinflammatory cytokines. (2) TYRO3 facilitates neuronal survival, proliferation and differentiation by regulating endogenous neurotrophic factors (*e.g.*, increasing nerve growth factor expression). Consequently, diminished TYRO3 levels lead to lowered neurotrophic factor expression, thereby reducing the proliferation and differentiation of hippocampal neurons. (3) Increased levels of inactive Akt lead to the activation of pro-apoptotic factors and inhibit expression of the anti-apoptotic factor Bcl-2 (Guo et al., 2011; Kim et al., 2012).

In summary, we found that a reduction in TYRO3 expression and a decrease in Akt phosphorylation levels are two important events in hypoxic injury to hippocampal neurons. Inhibition of the TYRO3/Akt signaling pathway plays an important role in the hypoxia-induced apoptosis of hippocampal neurons. Our findings suggest that the TYRO3/Akt pathway is a potential drug target for the prevention and treatment of hypoxic-ischemic encephalopathy.
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